Abstract. Reggie/flotillin proteins are considered to be components of lipid rafts and are commonly used as marker proteins for lipid microdomains. Yet almost a decade after their discovery, the function of reggies/ flotillins is still enigmatic. In this review we summarize the present state of knowledge on reggie/flotillin structure, localization and function, and discuss the role of the proteins in development and disease. Based on insights into reggie/flotillin function and by comparison with related proteins of the so-called SPFH (Stomatin/Prohibitin/ CMLS, Cell. Mol. Life Sci. 62 (2005) 2228-2240 1420-682X/05/202228-13 DOI 10.1007/s00018-005-5166-4 © Birkhäuser Verlag, Basel, 2005 Flotillin/HflK/C) protein family, including stomatin, podocin and prohibitin, we propose the existence of specific types of protein-defined microdomains which are sculpt by the clustering of individual SPFH proteins. As 'specialized rafts' similar to caveolae, these membrane domains provide platforms for the recruitment of multiprotein complexes. Since, under certain circumstances, reggie-2/flotillin-1 translocates to the nucleus, reggie/ flotillin microdomains are not only stable scaffolds but also dynamic units with their own regulatory functions.
In humans, the gene encoding reggie-1 is located on chromosome 17 (17q11-12) [10] . It is a single-copy gene consisting of 11 exons giving rise to a protein of 47 kDa. The human reggie-2 gene is a single-copy gene located on chromosome 6 (6p21.3). It encompasses 15 kb with 13 exons coding for a protein of 47 kDa [8] . Reggies are considered to belong to the SPFH (Stomatin/Prohibitin/ Flotillin/HflK/C) protein superfamily, whose members share a domain of similar sequence but unknown function, the so-called SPFH domain at their N-terminus [11] . In contrast to other SPFH proteins, the C-terminus of reggies harbors a unique flotillin domain, which is characterized by several repeats of glutamic acid and alanine (EA repeats) and which is predicted to potentially form coiled coil structures ( fig. 1) [1, 5] . In contrast to earlier reports, reggies do not possess a transmembrane domain. Both C-and N-termini face the cytosol [12, 13] ; the hydrophobic region might interact with but apparently does not span the membrane. Anchoring to the cytoplasmic leaflet of membranes is accomplished by acylation. Reggie-1 is myristoylated at Gly2 and palmitoylated mainly at Cys4 and to a minor degree at Cys19 and Cys20 [14] . Reggie-2 lacks a myristoylation site but is palmitoylated at Cys34 [12] and potentially also at Cys5 and Cys17. Recently, the three-dimensional structure of the SPFH domain of reggie-1 was solved [15] and is available in MMDB [16] . This structure encompasses the region from aa 43 to aa 173 and indicates that the SPFH domain of reggies is a compact, ellipsoid-globular structure containing four to five alpha helices and six beta strands. The flotillin domain, which has not yet been solved, is predicted to harbor several alpha helices, some of which might be involved in coiled coil formation.
The C-terminal part of reggie-1 is essential for the formation of homo-and most probably also heterooligomers ( [14] and our own unpublished observations) which may be mediated by coiled coils in the region of the EA repeats. Chemical cross-linking experiments demonstrated that the smallest building block of reggie oligomers are tetramers; smaller oligomers are not detectable [G. Solis and C. A. O. Stuermer, unpublished observations]. The initial description of reggie-1 as a 42-kDa cytosolic protein raises the question whether this and perhaps other splice variants exist. Indeed, expressed sequence tag (EST) database searches yield multiple tags for this Nterminally truncated form lacking the membrane anchor. However, we and others have not found any major splice variants of reggie-1 in western blots or reverse transcription-polymerase chain reactions (RT-PCRs) of various mammalian cell lines or tissues [8, 17] . In a recent report, a splice variant of reggie-2 based on ESTs was proposed, which lacks exon 4 [18] ; but again, a major expression of such a variant in mammalian cells has so far never been observed. However, two variants of reggie-1 were recently reported in Drosophila, differing in 39 bp encoded by a short, alternatively spliced exon. These two splice variants are differentially expressed during development, with the longer form being predominantly expressed during embryonic and larval development, while the shorter variant predominates in the adult fly [M. Hoehne, H. G. de Couet, C. A. O. Stuermer and K. F. Fischbach, unpublished observations]. Due to sequence similarities reggies are considered members of the SPFH protein family, including stomatin, podocin, prohibitin and the bacterial HflK/HflC proteins [11] . A recent analysis of the evolutionary relationships fig. 1 ). They share a hydrophobic domain in their N-terminus which is often preceeded by a palmitoylation site. In case of reggies, stomatin and podocin, this hydrophobic domain does not span the membrane but is suggested to form a horseshoelike structure, with both N-and C-termini facing the cytosol [12, 13, [19] [20] [21] , while prohibitin possesses a transmembrane domain. Similarly, all SPFH proteins share a stretch of EA repeats in their C-termini, which is extended by the flotillin domain in case of reggies. The first EA repeat at the end of the SPFH domain (the only EA repeat in other SPFH proteins) was shown to be essential for oligomerization of stomatin [22] . The formation of oligomers is another hallmark shared by all SPFH proteins. Oligomers were shown for stomatin [22] , podocin [21] prohibitin [23, 24] and reggies [14] . These similar structural features suggest a related function for all SPFH proteins. Considering their widespread distribution, their function is supposed to be basic and important. Interestingly, the structural hallmarks described above are reminiscent of an unrelated proteincaveolin. Although quite different in domain structure, caveolin is predicted to adopt a hairpin-like structure with a central hydrophobic domain interacting with but not spanning the membrane, and both N-and C-termini facing the cytosol [25] . It is palmitoylated on multiple cysteine residues [26] , and it forms oligomers [27] . These oligomers are supposed to form the structural scaffold of caveolae, a well-defined subtype of lipid microdomains important for signaling, specialized endocytotic processes and transcytosis [28] .
Subcellular localization and trafficking of reggies
In single cells reggies are most prominently found at the plasma membrane, where they associate with the inner leaflet via acylations ( fig. 2A ) [14] . Being insoluble in Triton-X-100 and other commonly used non-ionic detergents at 4 °C, reggies are considered bona fide raft proteins and are often used as raft markers. But unlike many other proteins considered to be raft-associated, reggies form stable clusters at the plasma membrane readily observable by electron microscopy and immunogold or diaminodenzidine (DAB)-based staining ( fig. 2B ) [4, 29, 30] . Reggie clusters are surprisingly uniform in size, with an estimated diameter of 100 nm [29, 30] , and consist most probably of reggie-1 and -2 homo-and heterooligomers. They are quite widely spaced along most of the plasma membrane but become more closely spaced at cell-cell contact sites and after crosslinking of associated cell surface molecules such as glycosylphosphatidylinositol (GPI)-anchored Thy-1 or PrP c [29, 31] . Although it was repeatedly claimed that reggies reside within caveolae [5, 32] , we and others have convincingly shown that reggie clusters are distinct from caveolae. First of all, reggies are expressed and reggie clusters are detected in cell types which do not express any caveolins -most importantly neurons and lymphocytes [4, 29] ; caveolins and reggies show distinct expression patterns both in adult tissues [33] and in developing organisms [34] . Even in cells that do express both caveolin and reggies, reggie microdomains are clearly distinct and located outside of caveolae [4, 29, 35] . In addition to their preferred localization at the plasma membrane, reggies can be found at various vesicular compartments inside the cell. In many cell types, a prominent localization of both reggie proteins at the pericentrosomal region is observed, sometimes overlapping with recycling endosomes (fig 2A) ( [17, 36] and our own unpublished observations). Reggies also co-localize with markers for lysosomes [31] and are found in multi-vesicular bodies [37, 38] . Like other raft-associated proteins, they also localize to lipid-rich droplets (lipid bodies) [39, 40] . Although the localization pattern of reggie-1 and -2 is largely overlapping in many cell types, specific differences in some cell types and on particular organelles are observed. In many cells, reggie-2 is found more prominently on intracellular organelles than reggie-1. In 3T3 fibroblasts, reggie-2 is predominantly found on intracellular granules but relocates to the plasma membrane upon differentiation to adipocytes [41] . Similarly, in RAW 264.7 macrophages (which despite a contrary report [42] express both reggies), reggie-2 is almost exclusively found on intracellular vesicular organelles while reggie-1 is found predominantly at the plasma membrane [our own unpublished observations]. In phagocytic cells reggie-2 was also observed on phagosomes [43] , where it accumulates during maturation of the phagosome by fusion with endosomes [44] . The most important difference concerning the localization of the two reggies seems to be the translocation of reggie-2 to the nucleus. In a recent report, Santamaria et al. have described a cell-cycle-dependent translocation of reggie-2 and PTOV-1 to the nucleus, the nuclear localization of both proteins being most pronounced at the beginning of S-phase [45] . Reggie-1, however, was not observed to translocate to the nucleus in this study [45] . This matches our own observation that reggie-2 can sporadically be found in the nucleus of e.g. PC12 cells [our own unpublished observations]. The function of reggie-2 in the nucleus is currently unclear. It did not localize to any structure identifiable in the electron microscopy, but reggie overexpression had a mitogenic effect in PC3 cells [45] .
Taken together, these data suggest that reggie-1, being irreversibly myristoylated, is the more immobile of the two, residing predominantly at the plasma membrane. The reversibly palmitoylated reggie-2, on the other hand, seems to be more versatile, shuttling between the plasma membrane and various intracellular organelles. Thus, the common usage of reggie-2/flotillin-1 as a marker protein for plasma membrane lipid rafts is questionable. Conflicting reports exist about the biosynthetic pathway of reggies. Gkantiragas et al. described sphingomyelinenriched microdomains at the Golgi complex in NRK, CHO and HeLa cells which contained reggie-2 [13] . Reggie-2 localization at the plasma membrane was shown to be Brefeldin A-sensitive, indicating that reggie-2 travels through the Golgi in its biosynthetic pathway and becomes detergent-resistant on its way. However, Morrow et al. showed that trafficking of reggie-2 is Brefeldin Aand Sar1-insensitive in BHK cells [12] , suggesting a Golgi-independent trafficking pathway similar to K-Ras, F3/Contactin or TC10 [46] [47] [48] . Reggie-1 trafficking is BFA-sensitive in Jurkat T and PC12 cells, and although overexpressed full-length protein localizes to the Golgi complex only to a minor extent, mutants with deletions in the SPFH domain accumulate in the region of the Golgi complex [our own unpublished observations]. Due to their relatively small size and lack of transmembrane domains or signal sequences, reggies associate with membranes via co-or post-translational modifications such as reversible palmitoylation and, in case of reggie-1, myristoylation. So it is conceivable that reggies might use both Golgi-dependent and -independent vesicular or even nonvesicular pathways to reach the plasma membrane or other intracellular membranes. Very little is known about the endocytic trafficking of reggies. Although they are localized at recycling endosomes [36] , lysosomes and multivesicular bodies [31, 37, 38] , we so far never succeeded in capturing and characterizing the first transient events of a presumptive vesic- ular endocytosis. They do not localize to clathrin-coated pits, even after cross-linking of associated cell surface molecules which are contained in coated pits, and they are not found in EEA-1-positive early endosomes either at the electron or light microscopic level in various cell types [our own unpublished observations]. But given their prominent localization on vesicular compartments implicated in recycling, they might use a non-conventional endocytic pathway. There are several ways by which reggie localization might be regulated. The reversibility of palmitoylation [49] of both reggies can regulate their affinity for membranes, especially in case of reggie-2, which is not myristoylated. Moreover, reggie function might be regulated by proteolytic cleavage, since calpain-mediated cleavage of reggie-1 but not reggie-2 in platelets was reported [50] .
Tissue distribution and expression during development
All stable cell lines we have tested so far express at least reggie-1. Reggie-2 exhibits a more restricted expression, but is still widely expressed. The stability of reggie-2 is strongly linked to the presence of reggie-1, as downregulation of reggie-1 by specific small interfering RNAs These observations suggest that the stability of reggie-2 requires the presence of reggie-1, but reggie-1 can exist without reggie-2. Expression of reggies during differentiation was investigated in several cell culture models. In 3T3 fibroblasts reggie-2 expression is apparently upregulated during the formation of cell-cell contacts [18] . Differentiation of osteoclasts induces strong upregulation of reggie-2 expression [51] . Reggie-1 expression is upregulated during in vitro differentiation of C2C12 skeletal myoblasts [32] . During differentiation of 3T3 fibroblasts to adipocytes, reggie-2 expression is enhanced while reggie-1 expression remains unchanged [5] , and reggie-2 translocates from intracellular compartments to the plasma membrane [41] . In contrast, differentiation of PC12 cells does not affect the expression of either reggie [32] . Thus, reggie expression seems to increase during differentiation of various cells in culture. Moreover, both reggies are strongly upregulated by retinal ganglion cells during axon regeneration after optic nerve lesion [3, 4] .
There are only two comprehensive reports on reggie expression during development in vertebrates. Due to genome duplication in fish, there are two copies of each reggie gene in zebrafish [7] , but one reggie-1 gene was rendered non-functional during evolution. In good correlation to the ubiquitous expression in stable cell lines, reggie-1a, reggie-2a and -2b are expressed ubiquitously during the early stages of zebrafish development [52] . Upon segmentation, the expression pattern becomes more restricted. Reggie-2a is expressed in differentiating neurons in the brain, spinal cord and neurogenic placodes, while reggie-2b is expressed in head mesoderm, neural crest derivatives and along somite boundaries. Reggie-1a is highly expressed in domains overlapping with the expression pattern of both reggie-2 genes, except at the somites where it complements the pattern of reggie2b. Immunostainings using reggie antibodies stain all fiber tracts in the developing nervous system [52] , indicating involvement of reggie-1a and -2a in neuronal differentiation as expected, due to their identification in regenerating axons. Morpholino knock-down of reggie expression in the developing zebrafish leads to severe morphological defects starting early during gastrulation. This emphasizes the important role of reggies during early development [E. Riviera-Milla, E. Malaga-Trillo and C. A. O. Stuermer, unpublished observations]. An expression pattern similar to the one observed in zebrafish was reported for reggie-2 in the developing Xenopus [34] . Due to the partial duplication of the Xenopus laevis genome, there are also two copies of the reggie-2 gene in frogs. Both genes are highly and ubiquitously expressed during early stages of development. During neural plate formation, expression is enhanced in the neural ectoderm and later on in the neural tube. From late tailbud stages on, the two reggie-2 genes are differentially expressed. Flotillin-1a (reggie-2a) is expressed in several neural crest derivates, including the olfactory pit and cranial ganglia, and in the dorsal regions of the neural tube, including the primary neurons in the dorsal spinal cord. Flotillin-1b (reggie-2b) expression is restricted to small domains of the dorsal neural tube, and a low level of expression is found in the branchial arches [34] . Unfortunately, the expression pattern of reggie-1 was not investigated in this study. In Drosophila, reggie-1 and -2 are highly expressed in the developing and adult nervous system [6] with particularly high expression in axons at the root of fiber tracts where strong fasciculation is required. Misexpression of reggie-1 and -2 in the eye imaginal disc leads to severe mistargeting of specific cell-adhesion molecules of the immunglobulin superfamily (IgCAMs), resulting in an irregular ommatidial pattern. Similarly, misexpression in the wing imaginal disc leads to extension of the wingless signal and disrupts normal wing development [M. Hoehne, There are no comprehensive studies on the expression of reggies in adult organisms, but reggie-1 is apparently widely expressed in many different tissues, with particularly high expression in brain, while reggie-2 expression is slightly more restricted [5, 32, 52] . In summary, reggie expression seems to be essential for all cells in culture and during early stages of development. The available data on interference with reggie function during development from zebrafish and flies point to an important role of reggies in regulating formation of correct cell-cell contacts during morphogenesis. During later developmental stages and in the adult organism, reggies are still widely expressed but with a particularly high expression in the central nervous system.
Cellular function of reggie proteins
Despite their ubiquitous expression and their evolutionarily high conservation, the function of reggies is still unclear. They have been implicated in signal transduction, vesicle trafficking and cytoskeleton rearrangement, and a variety of proteins have been shown to interact with reggies. Reggies were isolated by co-immunoprecipitation with the monoclonal antibody M802, which was later shown to recognize the fish homologue of Thy-1 [3, 4, 53] . Fish Thy-1 co-localizes with reggies [54] . The close association with Thy-1 is conserved in different mammalian cell types such as PC12 and lymphocytes [29] . Remarkably, reggies also co-localize and can be co-immunoprecipitated with other GPI-anchored proteins, such as F3/contactin [29] and PrP c [31] . This suggests involvement of reggies in signal transduction by GPI-anchored proteins across the plasma membrane. Accordingly, reggies seem to be quite closely associated with the Src-family kinases lck and fyn [29, 41, 42] , as shown by both co-immunoprecipitation and co-localization at the light microscopic (LM) and electron microscopic (EM) level. Several large transmembrane proteins have also been co-immunoprecipitated with reggies, including ABCA1 [55] , an ABC transporter implicated in cholesterol transport to highdensity lipoprotein particles. Co-immunoprecipitation of the thrombin receptor PAR-1 with reggie-1 from melanoma cell lines [56] and identification of an interaction between neuroglobin and reggie-2 in a yeast two-hybrid screen [57] suggest a function of reggies in G-protein-coupled receptor signaling. Considering the identification of reggies as proteins upregulated during axon regeneration, control of cytoskeletal dynamics seems a good guess for reggie function. Indeed, overexpression of full-length reggie-1 or of the cytosolic 42-kDa variant induces filopodia formation in several cell types [2, 14] . A direct link between reggies and regulation of the actin cytoskeleton was reported by Kimura et al., who described the direct interaction between the sorbin homology (SoHo) domain present in adaptor proteins of the vinexin family and reggie-2 [58] . The vinexin family of adaptor proteins consists of vinexin-a and -b, CAP/ponsin (c-Cbl-associated protein) and ArgBP2 [59] . These ubiquitously expressed proteins are characterized by one SoHo domain at their N-terminus and three SH3 domains in their C-terminal region. While the SoHo domain provides the means of membrane recruitment via its interaction with reggies, the vinexin family proteins bind to a variety of proteins via their SH3 domains, e.g. to the ubiquitin-ligase and adaptor protein c-Cbl, the tyrosine kinase c-Abl and main regulators of cytoskeletal dynamics such as vinculin, afadin and the regulators of small GTPases Grb4 and Sos [59] . Thus, via interaction with vinexin family members, reggies might recruit multiprotein signaling complexes to membrane microdomains to direct cytoskeletal dynamics. Reggiedependent recruitment of a CAP/c-Cbl complex was shown to be essential for the insulin-receptor-stimulated insertion of Glut4 glucose transporters into the plasma membrane. CAP-mediated recruitment of Cbl into lipid rafts stimulates the cdc42 family GTPase TC10 via a CrkII-C3G complex, and this pathway necessarily amends the well-known phosphatidylinositol-3(PI3)-kinase-dependent signaling pathways downstream of the insulin receptor [58, 60] . Similarly, the recruitment of a Cbl/Pyk2 complex to plasma membrane microdomains was shown to be essential for neuritogenesis in differentiating PC12 cells [61] . A role of reggies in the control of cytoskeletal remodeling might thus account for the observed upregulation of reggies during differentiation (see above). Reggies seem to play an essential role in T cell activation by controlling the assembly of signaling complexes and cytoskeletal rearrangements necessary for prolonged signaling to occur after T-cell-receptor (TCR) stimulation. Both reggies are expressed in B and T lymphocytes [17, 29] . In T cells, reggie-1 and -2 are associated with the Src-kinases lck and fyn as shown by co-immunoprecipitation [29, 31, 42, 62] . Reggie-2 binds fyn regardless of its activity, as it also binds to the kinase-dead mutant [41] . Furthermore, reggies are associated with the adaptor protein LAT [42] . The association with LAT and lck apparently increases after CD3/CD28 co-stimulation of the cell; furthermore vimentin and IKKb associate with reggie complexes after activation of the cell [42, 62] . Both in stable cell lines and in peripheral lymphocytes, reggie-1 and -2 exhibit a strikingly polarized localization in resting cells, accumulating in one aspect of the cell forming a 'preformed cap' [31, 63] . Using fluorescence recovery after photobleaching (FRAP), we recently showed that reggie-1 is essentially immobilized in the region of the [31, 63] , reflecting the increased biochemical association. The assembly of the TCR signaling machinery is thought to be mediated by fusion of small, dynamic rafts into one stable macrodomain [64] . Translocation to the cap region and macrodomain assembly is an active process regulated by dynamic reorganization of the cytoskeleton [65] [66] [67] . Expression of a deletion construct that interferes with reggie oligomerization inhibits macrodomain assembly and leads to severe defects in cytoskeletal rearrangements induced by stimulation of the cell with a mitogenic lectin [M. F. Langhorst, A. Reuter, G. Luxenhofer et al., unpublished observations]. Thus, the preformed caps provided by reggies are an essential organizing center for T cell activation. They apparently act as priming platforms for macrodomain assembly and control the necessary remodeling of the cytoskeleton via their close association with fyn and potentially members of the vinexin family.
Reggie proteins in health and disease
Lipid rafts have been implicated in a variety of pathological conditions ranging from atherosclerosis to Ebola infection [68] . Entry of different viruses and other pathogens also occurs via lipid rafts, the most prominent example being the binding of human immunodeficiency virus (HIV) gp120 to CD4 and chemokine receptors, which leads first to raft clustering and then to fusion of the virus envelope with the plasma membrane. Considering the proposed functions of reggies, an involvement in pathogen entry seems very likely. Indeed, several reports implicate reggies in host cell invasion by Plasmodium. Invasion of erythrocytes by Plasmodium falciparum can be inhibited by cholesterol depletion, suggesting that lipid rafts are the site of invasion [69] . During formation of the parasitophorous vacuole (PV), several raft-associated proteins, such as CD59 and Ga s , are recruited from the plasma membrane of the host cell to the PV membrane [70] . Similarly both reggies are recruited to the PV in erythrocytes [71] . Preliminary data suggest a similar translocation of reggie-2 to the PV during infection of hepatocytes by Plasmodium berghei [V. Heussler, personal communication] . Considering the vast remodeling of cell function and membrane trafficking in Plasmodium-infected cells, hijacking reggie scaffolds and their function might be of particular importance for the parasite. Some reports hint at a role for reggies in the pathogenesis of neurodegenerative diseases such as Parkinson's and Alzheimer's disease (AD). The formation of senile plaques is a major hallmark of both diseases, which in the case of AD consist of the peptide Ab. Ab is generated from APP, a transmembrane precursor protein, by successive cleavage by two proteases. Both the g-secretase complex as well as the b-secretase BACE are concentrated in lipid microdomains [72, 73] , while their substrate, APP, is largely excluded from lipid rafts [73, 74] . Thus the partitioning of the enzymes responsible for Ab generation (but not their substrate APP) into lipid rafts normally prevents the production of large amounts of Ab [75] . Primitive senile plaques in non-demented persons show strong reggie-2 labeling, and in AD patients both reggies show significantly increased staining of the cortex [76] . An ultrastructural study showed an accumulation of reggie-2 in lysosomes of neurons having neurofibrillary tangles (a second hallmark of AD) [77] . Similarly, in neurons of transgenic mice overexpressing human APP and presenilin-1, Ab and reggie-2 accumulated in multivesicular bodies [38] . Thus, the progression of AD is accompanied by an accumulation of reggies at sites of Ab production and secretion. Similarly, upregulation of reggie-2 expression in the substantia nigra of Parkinson's patients was recently reported [78] . Strong hints link reggie microdomains to the progression of prion diseases. These diseases (e.g. BSE, CJD and scrapie) are caused by an aggregation of misfolded cellular prion protein, a GPI-anchored protein of unknown function. The conversion of the harmless cellular form of the prion protein (PrP c ) to the aggregating, disease-causing form, called PrP Sc , is most probably directed by the misfolded form itself, thus forming an autocatalytic cycle [79] . This conversion process probably takes place in lipid rafts, where the clustering of raft components strongly favors the conversion and aggregation of PrP [80] . We have recently shown that PrP c and reggie-1 and -2 are closely associated at the plasma membrane of lymphocytes [31] and neurons [our own unpublished observations] as shown by co-localization at the LM and EM level and by co-immunoprecipitation. Cross-linking of PrP c in lymphocytes leads to its clustering in the region of the preformed reggie cap [31] . Signaling is downregulated by endocytosis of PrP c into reggie-positive lysosomes. Clustering of PrP c in reggie rafts and subsequent endocytosis into acidic endo-/lysosomes may strongly favor the conversion and aggregation of PrP. Accordingly, a recent report showed that PrP Sc is localized in reggie-2-positive late endosomes in cells from the central nervous system [81] . Lymphocytes can reach all tissues in the body; this way they contribute to the spreading of prion diseases to dif-CMLS, Cell. Mol. Life Sci. Vol. 62, 2005 Review Article 2235 ferent organs [82] . Thus, clustering of PrP in reggie microdomains on lymphocytes might play an important role in the spread of prion disease throughout the body. Furthermore, both PrP c and reggies are contained in lipid bodies and are apparently also expelled from the cell via lipid-rich vesicles, which may also contibute to the spreading of prion disease [39] . A recent report suggests a role of reggie-1 in cancer invasion and metastasis. Hazarika et al. showed that reggie-1 is highly expressed in metastatic melanomas and that expression of the cytosolic 42-kDa variant of reggie-1 is sufficient to transform non-metastatic SP-2 cells into aggressive, highly metastatic cells [56] . Mutations of the reggie-related protein podocin are implicated in severe renal disorders. However, so far no hereditary disease has been linked to any of the reggies. This means that mutations in reggie genes are either lethal or that reggie function is redundant and can be rescued by other proteins/pathways.
Rivaling caveolae: microdomains scaffolded by reggie and other SPFH proteins
The concept of lipid rafts providing a basis for the lateral segregation of different membrane-bound processes is definitely auspicious. But details are still controversial, especially concerning the size and protein content of single rafts at steady state, which have proven very hard to characterize [83] . However, the existence and importance of membrane microdomains organized by a protein scaffold is indisputable. The best-characterized examples are caveolae, small (50-100 nm) flask-shaped invaginations of the plasma membrane which are formed by an oligomeric scaffold of caveolins (reviewed in [28] ). Biochemically, the components of caveolae also partition into the lipid raft fraction; thus, caveolae might be considered as specialized rafts. Caveolae have been implicated in the regulation of numerous signaling pathways [28] . Apparently, caveolae and caveolin are also important regulators of lipid and particularly cholesterol homeostasis and trafficking [84] . Moreover, caveolae have been shown to be sites of non-classical endocytosis of GPI-anchored proteins, viruses and other cargo [85] , although they are relatively immobile in resting cells due to anchorage to the actin cytoskeleton [86, 87] . Thus, caveolae are accepted as caveolin-based membrane microdomains that provide a laterally constricted environment for specific proteinprotein interactions to take place, with the set of proteins associating and processes depending on caveolae most probably being cell type specific [88] . Given the widespread expression of reggies, the localization of oligomeric reggie clusters at the plasma membrane, their association with lipid rafts, the functional data available and structural similarities to caveolin (see above), a microdomain scaffolding function could also be envisaged for reggies [89] . Oligomeric reggie clusters of approximately 50-100 nm would then provide a stable basis for facilitating, controlling and segregating proteinprotein interactions at cellular membranes ( fig. 2C ). The constituents of the protein complexes interacting with reggie scaffolds might depend on the cell type and/or physiological state of the cell. This might explain the variety of binding partners reported for both reggies. In T cells -which are devoid of caveolae -reggie platforms seem to establish polarity and are essential for assembly of the TCR signaling machinery, which depends on dynamic remodeling of the actin cytoskeleton. In adipocytes reggie microdomains are essential for regulation of Glut4 trafficking after stimulation of the insulin receptor. In neurons, reggies are apparently involved in neurite outgrowth and axon formation. Like caveolae, reggie microdomains might thus be platforms for regulated assembly of specific sets of multi-protein complexes. As for reggies, the exact cellular functions of the other members of the SPFH protein family remain elusive. The present state of knowledge about these proteins supports the notion that stomatin, podocin and prohibitin also function as specialized microdomain scaffolds. Stomatin, for example, is widely expressed [90] , localizes predominantly to the plasma membrane and intracellular vesicles of the endocytic pathway [91] , where it forms oligomers consisting of 9-12 monomers [22] . At the plasma membrane it is detected in clusters in the EM [22, 92] , and it associates with lipid rafts [91] . Already in 1998 this association led Prohaska and co-workers to suggest that stomatin oligomers might have a function comparable to caveolin [22] . Stomatin was shown to interact with and regulate members of the degenerin/epithelial Na + channel family in mechanosensory cells of Caenorhabditis elegans [93] and vertebrate neurons [94] , and in immunofluorescence stainings these complexes appear as regular puncta at the plasma membrane [95] indicative of microdomains. In other cell types stomatin was implicated in trafficking of Glut1 glucose transporters [96] , suggesting again that proteins associating with the microdomain scaffold provided by stomatin clusters might be cell type specific. Stomatin and reggies are both expressed in erythrocytes, although they seem to define different microdomains, as neither can be co-immunoprecipitated with the other. Furthermore, in these cells stomatin but not reggie is found on shedded microvesicles [97, 98] . Podocin is perhaps the most specialized member of the SPFH family, being exclusively expressed in podocytes of the kidney, where it localizes to the glomerular slit diaphragma [20] . Like reggies and stomatin, it associates with lipid rafts [21] . The immunoglobulin (Ig)-superfamily proteins nephrin and neph associate with podocin oligomers/microdomains and become detergent-insolu-Reggie/flotillin proteins as microdomain scaffolds ble upon association with these complexes [21] . Furthermore, podocin augments nephrin signaling [99] . The podocin-nephrin complexes are linked to the cytoskeleton via the adaptor protein CD2AP, which directly binds to actin [100] . Mutations of the podocin, nephrin or CD2AP genes all cause severe proteinuria, emphasizing the physiological importance of podocin-based microdomains [101] . The prohibitins are mainly localized at the inner membrane of mitochondria [102] . They form ringlike complexes consisting of hetero-oligomers [23, 24] . In mitochondria the prohibitins most probably regulate membrane protein degradation by m-AAA proteases [103, 104] , a function very similar to the bacterial members of the SPFH proteins, HflK and HflC, which associate with and regulate the AAA protease FtsH [105] . In addition to their localization at mitochondria, there are reports of prohibitin associating with the B cell receptor in B cells [106, 107] and with Akt in myogenic cells [108] , suggesting extra-mitochondrial functions of the prohibitins. In B cells prohibitin was found to be associated with lipid rafts [107] . Furthermore, they apparently translocate to the nucleus and are implicated in the regulation of gene expression by interaction with Rb and by regulating E2F function [109, 110] . Most interestingly, the prohibitins show a mutual dependence similar to that observed for reggies: genetic knockout of prohibitin-1 leads to loss of prohibitin-2 protein and vice versa in yeast [111] . A similar interdependence is also observed for HflK and HflC [105] . This mutual interdependence is another striking similarity between caveolin and the SPFH proteins. Caveolin-1 knock-out mice also lack caveolin-2 protein, although the caveolin-2 messenger RNA (mRNA) is still expressed [112] , suggesting that the stability of caveolin-2 is linked to the presence of caveolin-1 exactly as observed for reggie-2 and -1, the prohibitins and HflC/HflK. In all these cases the stability of one of the proteins seems to critically depend on the formation of hetero-oligomers with the other. Stomatin, podocin and prohibitin associate -like reggies -with lipid rafts. Targeting of reggies to the plasma membrane and raft association of reggies was shown to be mediated by the SPFH domain [12, 41] . Thus, lipid raft association of stomatin, podocin and potentially also prohibitin is most probably mediated by the SPFH domain shared by all proteins. The microdomains formed by SPFH proteins at the plasma membrane are often anchored by interaction with the actin cytoskeleton. Stabilization of reggies in lymphocytes is actin-dependent, and reggie associates closely with cortical actin in many cell types ( [41] and our own unpublished observations). Stomatin associates with the cortical actin cytoskeleton [92] , and podocin interacts with the actin-anchoring adaptor protein CD2AP [100] . Scaffolds formed by reggies, stomatin and podocin are thus spatially and temporally stable platforms for the assembly of multiprotein complexes. It is well accepted that there must be a variety of different microdomains at the plasma membrane of eukaryotic cells, as e.g. a specific association of functionally different GPI-anchored proteins with different microdomains was observed [113, 114] . Recent evidence shows that microdomains based solely on special lipid compositions (true 'lipid rafts') are small, highly dynamic entities unsuitable to act as signaling scaffolds [115, 116] . Therefore, specialized microdomains stabilized by an oligomeric protein scaffold might additionally act as guideposts for the fusion of small lipid rafts after stimulation of the cell -as shown for reggies during T cell activation. In contrast to caveolins, SPFH proteins are widely expressed. Thus, formation of protein-based microdomains by SPFH proteins is probably a feature of eukaryotic cells more common than caveolae. But in addition to just being a scaffold at the membrane, reggies also have a dynamic, regulatory function. Reggie-2 can translocate to the nucleus, where it exhibits a mitogenic, although ill-defined action. Reggie-2 stability is linked via an unknown mechanism to the presence of reggie-1; thus, the more stable, membrane-bound partner controlls the stability of the versatile and mobile partner. The membrane association of reggie-2 via reversible palmitoylation makes it particularly suited to move between cellular membranes, the cytosol and the nucleus without the need for irreversible modifications such as proteolytic cleavage. It is conceivable that information about processes happening on reggie-based microdomains are thereby conveyed to the nucleus and the gene expression machinery. Similarly, the prohibitins, which also form hetero-oligomers as functional units and exhibit a mutual interdependence of the two proteins, are apparently able to regulate gene expression in the nucleus in addition to their function at the mitochondria and the plasma membrane. Microdomains scaffolded by reggies or other SPFH proteins might therefore on the one hand be stable platforms and on the other hand be dynamic regulatory units with an impact even on gene expression.
